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ABSTRACT 



A power amplifier used in a portable, radio frequency 
transmitter is switched between different modes of op- 
eration when transmitting differently modulated carri- 
ers. The first mode of operation corresponds to ampli- 
tude modulation. (AM), while a second mode corre- 
sponds to angle modulation techniques such as fre- 
quency modulation (FM). A switching'network alters 
the impedance of the power amplifier to match network 
for matching the impedance of the transmitter antenna 
in order to achieve maximum efficiency in each mode of 
operation. Various switching methods and impedance 
matching circuits are disclosed. 

6 Qaims, 4 Drawbig Sheets . 
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carrier is modulated, however, it must be amplified to a 

AM-FM TRANSMITTER POWER AMPLIFIER high power level using a linear power amplifier. Unfor- 
tunately, only lower efficiency Class A, AB, or B 
This application b a continuation of application Scr. pow«r amplifiers are capable of reasonably linear opera- 
No. 08/061,345, filed May 17, 1993 now U.S. Pat No. 5 tion. Thus, high efficiency. Class C ampUfiera can not 
5,361,403, which is a continuation of Scr. No. be used in mobile radiotelephone transmitters that em- 
07/612,495, filed Nov. 14, 1990, now abandoned. ploy low-level amplitude modulation. 

FIELD OF THE INVENTION ^ ampimers conduct current for an entire input 

cycle and therefore consume power continuously even 
The present invention relates to radio frequency 10 when output power is not required. As is well known, 
transmitter power amplifiers, and more particularly, to the maximum theoretical efficiency of a Class A ampli- 
transmitters which eflficientiy amplify carrier ^gnals fier at full output power is 50%. However, because AM 
modulated by different modulation techniques. signals operate at a mean power equal to { the peak 

BACKGROUND OF THE INVENTION ™^^L^r^l' ^"^^t^^ff -, '"3' 

15 mean output power is only 12.5%. The failure to reduce 

Radio transmission of information signals takes place power consumption for a corresponding reduction in 

by modulating the information signals on a radio fre- power required results in this low efEidency. Fortu* 

quency (RF) wave known as the RF carrier. Common nately, this disadvantage is partially overcome by a 

modulation methods include Amplitude Modulation Class B amplifier. . 

(AM), Frequency Modulation (FM), and Phase Modu- 20 Conventional, Class B amplifiers mclude two identic 
lation (PM). In AM, the amplitude or strength of the cal amplifiers arranged in a push-pull fashion and biased 
RF carrier is varied in relation to the information signal, so that current is not consumed when output power is 
while the freqency of the carrier itself remains constant. not required. When a sinusoidal, RF input signal enters 
In FM and PM, the frequency and phase, respectively, a positive cycle, one of the ampUfiers conducts current 
of the RF carrier are varied while the amplitude re- 25 Similarly, the other amplifier conducts current on the 
mains constant subsequent negative half cycle. Thus, each amplifier 
For constant amplitude modulation techniques, such amplifies one-half of the sine-shaped current signal such 
as FM and PM, efficient radio frequency transmitters of that the mean output current equals 1/Pi times the peak 
simple construction may be designed to achieve maju- output current. Accordingly, the total mean current for 
mum efficiency at a single, constant amplitude. In con- 30 both ampUfiers is 2/Pi times the peak output current As 
trast, because the RF carrier amplitude varies consider- the RF input signal level increases, the current deliv- 
ably in amplitude modulation, efficient AM transmitters ered to the load increases proportionally until the out- 
are more difficult to construct and are usually less effi- put voltage developed across the load impedance is 
cient than constant amplitude transmitters. For complex equal to the power supply voltage. At this point, any 
modulation schemes, such as Single Side Band (SSB) 35 further increase in the RF input signal driv^ the ampli- 
and Quadrature Phase Shift Keying (QPSK), where fier into saturation. For linear modulation, driving the 
both the amplitude and the phase of the carrier are power amplifier into saturation distorts the modulated 
modulated, transmitters capable of transmitting com- signal. For this reason, the amplifier must not be driven 
plex modulated signals are the most difScult to con- into saturation. 

struct Consequently, when a single transmitter is de- 40 To achieve TnaTimnm efficiency in Class B, linear 

signed to transmit signals that, in a first mode are con- power amplifiers, the amplifier must be operated at the 

stant amplitude FM or PM signals, and a second mode point just before saturation where voltage across the 

are amplitude modulated or complex modulated signals, load equals the power supply voltage. The ratio of the 

the provision of an amplitude modulation capability for output power to the power consumed at peak output 

the second mode adversely affects the transmitter effi- 45 current results in the theoretical mAximum efficiency of 

ciency in the first mode. Pi/4 or 78.5%. At less than peak amplitude, however, 

The conventional solution for efficientiy generating a efficiency is determined based on two factors: (1) power 
high-power, amplitude modulated signal is to amplify a consumption decreases in proportion to the output volt- 
low frequency, modulating signal initially to a high age and (2) power output decreases in proportion to the 
power level up to half of the transmitter mean output 50 square of the output voltage. Consequentiy, the effi- 
power. The high power modulating signal is added in ciency decreases linearly with the output voltage or 
series with a DC power supply to the transmitter power amplitude. At a mean output voltage equal to one-half 
amplifier in order to produce a modulated power supply of tiie peak output voltage, the mean efficiency is equal 
voltage and hence a modulated power output This to one-half the peak efficiency, i.e., 0.5 Pi/4 or 39%. 
procedure is called high-level modulation. 55 As is evident from the description above, the effi- 

Of the various classes of power ampUfiers, Class A, ciency of Class B ampUfiers is considerably better than 

AB, B, or C, RF power ampUfiers using high-level that of Class A amplifiers at mean ampUtude output 

modulation operate at maximum efficiency in the non- level. The efficiency improves because Class B amplifi- 

linear, Class C mode of operation. However, the pen- ers reduce current consumption in proportion to the 

alty for obtaining high amplifier efficiency is that trans- 60 power demand. Nonetheless, the mean ampUtude effi- 

mitters that use high level modulation are large, heavy, ciency of 39% for AM transmission is low compared to 

and oostiy. the peak amplitude/fuU output efficiency of 78.5% for 

In applications where size, weight or cost consider- constant ampUtude modulation, 

ations are more important than efficiency, such as porta- The problem addressed by the present invention is 

ble, radiotelephone transmitters, low-level modulation 65 the construction of a power ampUfier that transmits 

techniques must be used. Low-level modulation tech- both ampUtude modulated and angle modulated signals 

niques initially ampHfy the carrier to a low power level at the same mean power output level without a signifi- 

at which amplifier efficiency is immaterial. After the cant reduction m efficiency. For example, if a Class B 
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amplifier is used to transmit a one-watt carrier using the full supply voltage. The power output Po at the 

AM transmission, the amplifier must amplify the modu- saturation point is: 

lation peaks so that four watts of peak power is output. 

If the same amplifier is then used to transmit a one-watt Po^Q-S Vt^/Rn 

carrier using FM transmission, its efficiency would only 5 

be 39% instead of the 78.5% theoretically possible for where Rz. is the load resistance presented to the 

FM transmissions. On the other hand, if the fijU power power amplifier and Vo is the peak voltage the ampU- 

of 4 watts is used in the FM mode, the efficiency would f^^^ ^ deliver. In the preferred embodiment, the load 

be 78.5%, but the total power consumption would rise ^ antenna impedance of a portable radiotelephone, 

to twice that consumed in the 1-watt situation. 10 Because the antenna impedance cannot be changed, a 

In battery-operated equipment, such as handheld variable impedance matching network is located be- 

radiotelephones, operating the power amplifier either at tween the power amplifier and the antenna, 

reduced power and half efficiency or at fiill power and . * technique according to the present 

full efRciency, has an equally negative impact on bat- invention for varying the source fanpedancc using impe- 

tery life. Thcrcfortj, a goal ofthe present invention is to dance matching filter networks 22 and 23. A modulated, 

construct an efficient power amplifier circuit that effi- ^ carrier is received by a power amplifier 21 for am- 

ciently transmits AM signals at one power level and pUfication to a power level suitable for radio frequency 

efficiently transmits angje modulated signals at other transmission. The power amplifier 21 is supplied with 

power levels. voltage from an external power supply, not shown. A 

20 switch 24 connects the output signal of thie power am- 

SUMMARY OF THE INVENTION plifier 21 to one of the two impedance matching net- 

A power amplifier of a type that is suitable for use in ^^^^ P ^ switch 25 connects output signals 

a portable, radio fi-equency transmitter is switched be- ^^^^ *® impedance matching networks 22 and 

tween different modes of operation when transmitting 23 to an antenna or other load impedance 26. The 

differenUy modulated carriers. The first mode of opera- switches 24 and 25 may be any conventional, electrical 

tion corresponds to ampUtudc modulation (AM), while electronic switch and may be actuated manuaUy or 

a second mode corresponds to constant amplitude mod- au^maticaUy. . _ . 

The mipedance matchmg network 22 is used for a 




ant^inoidertoachieveia^umefficiencyineach !!!^h^^ or complex moddated trai^ions. The 

mode of operation. Various switching mcSods and ^^.^^0^^^!"^^'''^.?'''^ 

impedance matching circuits are discloS^. f ^"^^^ "T^^'^' 

*^ ® a different level of output power corresponding to con- 

BRIEF DESCRIPTION OF THE DRAWINGS 35 stant amplitude modulation transmissions. Each of the 

xh**. «r,A rtti.«. «f impedance matching networks may be designed inde- 

Theamdotl^featuresandadvanteg^ofthcinve^^ pendently, using techniques weU known to those of 

T T^V^^"'^' ^ Srdinary'skill inlansmitL design art, to acWeve^- 

? '^^^A d^nPtion, read m conjmic- efficiency at the respective^ power levTh 

tion with the <^wmgs. m which: 40 associated with the varying amplitude modulation and 

FIG. 1 IS a ftmction block diagram of a circuit for constant ampUtude modulation transmission modes. For 

im^^oitmg the present mvention; j^, the network 22 may be a fixed-filter networic 

FIG. 2 IS a cujcuit diagram of an impedance matchmg for transforming the antemia impedance 26 to a conve- 

circuit that can be used m one embodunent of the pres- ^ient impedance 2a or to a conJ^t admittance Ya. 

cntmvCTtion; , . . 45 Such a filter network 22 may also be used to attenuate 

FIG. 3 IS a circuit diagram of an impedance matchmg undesirable harmonics or signals interfering at certain 

circmt for use m another embodmient of the present frequencies. The second, impedance matchmg networic 

mvwmon; 23 may also be a fixed-filter network. 

FIG. 4 is a general network schematic representing i„ one preferred embodiment of the present inven- 

the output unpedance seen by the power amphfier; and 50 tion, the impedance matching networks 22 and 23 be- 

no. 5 is a two-port schematic of the network shown tween the power amphfier 21 and the antenna or load 26 

m FIG. 1. may be reduced to a single switching unit 44 as illus- 

DETAILED DESCRIPIION OF THE f^^* ^- ^ P'^n'ose of the present invention, as 

PREFERRED EMBODIMENTS depicted in FIG. 2, is to present alternative load imped- 

, ^ , „ . , . . . . ^5 ances to the power amplifier 21 depending on whether 

In the followmg descnption of preferred embod- the switch 44 is activated. These alternative impedances 

ments, a system of tiie type tiiat can be used to imple- arc designed to equal, respectively, the optimum load 

ment the present mvention wiU be described. It wiD be impedance for the desired peak power in the varying 

appreciated, however, tiiat specific applications of the ampUtude modulation mode and the optimum load im- 

invention are not limited to this particular system or to 60 pedance for the desired power in the constant ampUtiide 

portable radio transmitters. Rather, tiie present inven- modulation mode. In contrast, the aim of an impedance 

tion is applicable to any situation where it is desirable to matching network in the prior art is to present a single 

transmit RF signals using different modulation methods load impedance to the power amplifier Uiat provides 

at maximum efRciency. optimum efficiency under the assumption that there is 

As described in the background of the invention, 65 only one type ofmodulation and only one power level 
maximum efficiency in Class B, linear power amplifiers Returning to FIG. 2, the power amplifier 21 is con- 
is achieved just before saturation of the amplifier when nected to a load impedance or antenna 26 through a 
the output voltage developed across the load is equal to filter network 30 by a length L of the transmission line 
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40. The filter network 30 filters undesirable radiation Referring now to FIGS. 4 and 5. the design of the 
generated by harmonics at the carrier operating fre- present invention is based on a two port model of the 
quency caused by non-linearities in the power amplifier mter network 32. While the reactance (jb) 42 and the 
21. At some pomt P along the length of transmission line AA^r^^ « u « 7u u wZ! 

40, a reactance 42 may he switched in parallel with the 5 tn^' 32. they have been 

load impedance 26 by means of a swit^h44. The re^ separately for lUustratKm purposes. The filter- 

tance 42 may be a capacitance, an inductance, or a detennmed &om the cham matnx of the two 

transmission Une stub. If a transmission line stub is used, network 32 which can be defined by: ■ 

both the stub and the transmission line can be fabricated 
as a conductor pattern on a multi-layer, printed circuit ^0 
board or the like. The switch 44 may be a relay, a me- 
chanically-actuated contact, or an electric switch, such ... . , 
as a PIN diode or suitable transistor. " ^ known that the cham matrix of a passive, reciprocal 

In another preferred embodiment of the present in- network, such as the filter network 32, has a unity deter- 
vention, a harmonic filter network 32 is located be- minant, that is 
tween the power amplifier 21 and the load impedance 

26 as shown in FIG. 3. The filtering network 32 in- rfe;(^)=(cnXfl22)-(ai2Xfl2i)=! 
eludes a number of lossless reactances 60, 62, 64, 66, 68, 

70, 72, and 74 in the form of capacitors and inductors. Furthermore, it is known that, for a lossless network. 
These reactances are usually facd and designed to mini- ^2 must be real, and al2 and a21 must be imagi- 

mize the loss to the desired signal at a particular trans- nary. Therefore, the chain matrix can be rewritten as: 
mission frequency. In conventional applications of the 
filtering network 32, these reactances are switched to 
change the operating frequency of a harmonic filter or 1*'^ j 

an antenna matching network. However, in this pre- 
ferred embodiment according to the present invention, 
at least one switched or otherwise variable reactance By reciprocity, 
element 74 is introduced into the matching network by 

a switch 76 or other reactance variance device con- -q rf«(/4)=(ffnXa22)+(«i2XflZi)-i. 
trolled by a control line 50. The control line 50 may be 

connected to a manual switch or to a suitable control When the two-port network 32 terminates at the 

device for automatic control The reactance element 74 point P, Le., with the reactance jb switched out, the 

may have a fixed or variable reactance. One example of antenna admittance as modified by the fdter network 32 

a variable reactance is a varactor diode. Otherwise, a 3 ^ is Ya=0-f jB. Accordingly, because: 

fixed reactance 74 may be switched into the network by 

a manual switoh or dectronic switch such as a PIN I2»(V2XY«) 

diode. 

Thes^wtchcdorvariablereactanceelement74isused the input impedance Rl of the network seen by the 
tovarytheloadmipedancemordertoobtamadifferent 40 power amplifier 21 is: 
power output level and stOl maintain a high efficiency. 
The magnitude of the switched reactance element 74 as ' 

well as the other reactances within the matching net- Ri » vi/n = fl\ ^gj^jj??') (0 

works 32 are selected so that in a first modulation mode. ^'^^^"^ 
when the switch 76 is open, the load impedance is a 45 

resistive load impedance Ri. In the second modulation is then set to be equal to the actual value 

mode, corresponding to the switch 76 being closed, the **' ™ resistance Rl in the first modulation 

overall load impedance is a resistive impedance Ra. The Joode. 

resistive load nnpedances Ri and R2 are selected with the switch 44 is closed, an extra susceptance 

respect to the power supply voltage to obtain two dis- so ^ connected in parallel with the admittance Ya at 
tinct power output levels at maximum efficiency in both point P modifying it to Ya+jb. In the second modula- 
of the constant amplitude modulation and the amplitude tion mode, the impedance seen by the power amplifier 
modulation modes. 21 must now be equal to R2 and is given by: 

Because switching a resistanoe/conductance into the 
circuit simply absorbs power and reduces efficiency, the ss 

antenna impedance must be changed by switching a Szi VfaSfrat 5} • ® 

lossless reactance/susceptance mto or Out of the circuit. 

^''^T'^l' ^^"^ "T"""^ ^ "^^^"^ Manipulatmg equations 1 and 2 into separate equa- 

such that a change m susceptance switched across pomt ^ r *i. t j • , . 

P to gromid resists in a clSige of resistance from Rl to 60 parts result m: 

R2 as seen by the power amplifier 21. ,m/«in /p^vrv„'yy\ n 

At the output terminal of Uie power amplifier 21, the «n-(^.i2)-(i?iXGX^)=o 
load impedances for optimum efficiency are complex, (CX<ii2)~(/liXfl2i)-(5Xi«iXfl22)=0 
i.e., Zl and Z2. However, these impedances may be 

assumed to be resistances Rl and R2 at some point, even 65 ai l-(5+AXfll2)-{/i2XGXa22)=o 
if that pomt is imaginary point or unaccessible, e.g., 

inside the power amplifier 21. In the design of the pres- (^al2)>(i!2X<>2i)-(^-f>6X^iX<i22)=0 
ent invention, that assumption is a reasonable one. which can be written in matrix form as: 
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~R\G 


a\\ 
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-(5 + 6) 
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-RIO 


012 




0 


0 


G 


-R\ 


-BR\ 


a21 




0 


0 


G 


-ta 


-(5 + b)Rl 


m 




0 



(3) 



port 1 to port 2, with a capacitor Q from port 1 to 
ground aiui a capacitor C2 finom port 2 to. ground as 
illustrated in FIG. 5. The chain matrix for such a Pi 
network is 



Since the right hand side of the equation is zero, a 
non-trivial solution is possible only if the determinant of 
the matrix is also zero. Because rows and/or ooiumns of to 
a determinant can be subtracted from each other with- 
out altering the determinant's valne, we subtract row 1 
from row 2 to obtam a simpler determinant: 



:c2xi - (w^xci)) 



JwL 

1 - <w^XCl) 



I -a 0 -(/»Xf?) 

0-6 0 -(iC-itlXC) 

0 G -R\ "(flKRi) 

0 G -IQ -iB + bymi) 



The simplified matrix may be multiplied resulting in 
the equation: 

in 

yields 

6o ±(0XX2- JIl]/j9fl(Rl/I2) 

Substituting b in the matrix and dividing both sides by 



15 



Equating wL to al2, L equals al2/w. F^j^i^thig 
l-(w2)(LXC2) to all, CI is calculated using (1 -all>- 
/wal2). Likewise, C2 is calculated using (1— a22)/- 
(wal2). The fourth element al2 is determined by virtue 
of the constraint (all)(a22)+(al2)(a21)=l. 

If during the above procedure any negative compo- 
nent values should arise, the other sign of the suscep- 
tance b should be selected and the procedure repeated. 
In the case of transmission line networks, those skilled 
ia the art may alternatively perform the design manu- 
20 ally using Smith's Chart or semi-man ually using one of 
a variety of computer-aided design programs such as 
Touchtone or Super Compact 

The invention has been described in terms of specific 
embodiments to facilitate understanding. The above 
Solving this equation for the switched susceptance b 25 onbodiments, however, are illustrative rather than limi- 
- tive. It will be readily ^parent to one of ordinary skill 

in the art that departures may be made from the specific 
embodiments d^ribed above without departing from 
the essential spirit and scope of the invention. There- 
_ , fore, the invention should not be regarded as being 
all results in the following matrix equations: ^" *- — .. . , , . . 



1 -s 0 

0 -b 0 

0 C -/II 

0 G -R2 



-(/J2 - RIKO 
-(S + 6XR2) 

Frcmi the first three equations (1)— (3)t by taking fhe 
constant term 1 to the right haiid side and changing 
signs resulting in: 



1 

all/all 
tai/aU 



35 



40 



B 


0 








1 


b 


0 


{Rl - Rim 


oil/all 




0 


G 


R\ 


(WD 


022/011 




0 



45 



which can be solved to ^ve 



limited to the illustrated embodiments, but should be 
regarded instead as bemg fully commensurate m scope 
with the following claiids. 
WHAT IS CLAIMED IS: 

1. A transmitter for selectively modulating a carrier 
signal using a variety of modulation techniques, com- 
prising: 

a power amplifier havmg an input for a signal to be 
amplified and an output for supplying an amplified 

signal; 

a load impedance connected to said amplifier output 

for receiving the amplified signal; and 
means for varying said load impedance based on a 
parameter that depends on the selected modulation 
technique, 

wherein the power amplifier maintains a linear mode 
of operation when the selected modulation tech- 
nique is alternatively amplitude modulation, 'com< 
plex modulation, and constant amplitude modnla* 

tion. 

2. The transmitter as defined in daim 1, wherein said 
modulation techniques include: 

frequency modulation, the amplitude modulation, 
phase modulation, and the complex modulation. 

3. The transmitter as defined in claim 1, wherein said 
parameter further depends on a power transmission 
level of said power amplifier. 

4. The transmitter as defined in claim 1, wherein said 
means for varying said impedance includes a variable 
reactance 

5. The transmitter as defined in daim 1, wherein said 
^ load impedance includes a plurality of matching circuits 

and said impedance varying means switchably connects 
one of said matching circuits to said amplifier. 
Hence all, al2, a21, and a22 are determined. ^- fhe transmitter as defined in clahn 1, wherdn said 

At thb point, a network with these chain matrix pa- load impedance includes a plurality of harmonic filter 
rameters must be determined. There is an infinite num- components and said impedance varying means to 
ber of possible networks which have these same chain switchably connects at least one of said harmonic filter 
matrix parameters at one firequency. One simple exam- components to said amplifier, 
pie is a Pi network con^stingofa series inductor L from * « * • • 



i.e. 



ollapoll 
o22»roll 

Substituting in the reciprocity condition alla22-{-al- 
2a2lBl results in: 

(r+p9)all2sl and 
all ''Wsqnfr'i'K)- 
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